T grew anaerobically with inorganic carbon as a carbon source and with elemental sulfur as an electron donor and nitrate as an electron acceptor producing sulfate and ammonium. It was also able to grow by disproportionation of elemental sulfur, thiosulfate and sulfite. Sulfate was not utilized as an electron acceptor. Analysis of the 16S rRNA gene sequence revealed that the isolate belongs to a deep lineage in the phylum Thermodesulfobacteria. On the basis of its physiological properties and results of phylogenetic analyses, it is proposed that the isolate represents a novel species of a new genus, Thermosulfuriphilus ammonigenes gen. nov., sp. nov. ST65
T (=DSM 102941 T =VKM B-2855 T ) is the type strain of the type species.
Lithoautotrophic micro-organisms that oxidize sulfur compounds with nitrate reduction couple biogeochemical cycles of carbon, nitrogen and sulfur in various environments. Important reactions of the reductive branch of the nitrogen cycle include (i) anaerobic reduction of nitrate to dinitrogen (N 2 ), nitric oxide (NO) or nitrous oxide (N 2 O) (denitrification) and (ii) anaerobic reduction of nitrate to ammonium (ammonification, also known as respiratory ammonification or dissimilatory nitrate reduction to ammonium, DNRA) [1] . Denitrification is the most commonly used pathway in microbial sulfur-dependent nitrate reduction. In deep-sea thermophilic environments, the group of autotrophic elemental sulfur-oxidizing denitrifiers includes Hydrogenivirga okinawensis, Persephonella guaymasensis, Persephonella marina, 'Piezobacter thermophilus' and Thioprofundum lithotrophicum [2] [3] [4] . Species of mesophilic and thermophilic elemental sulfur-oxidizing denitrifiers isolated from various habitats belong to the phylum Aquificae or the beta, gamma and epsilon classes of the Proteobacteria [5] [6] [7] [8] . A new energy metabolism of microbial transformation of inorganic compounds -anaerobic oxidation of elemental sulfur by nitrate with the production of ammonium and sulfate -has been described recently [9] . Two phylogenetically distant bacteria, Thermosulfurimonas dismutans (phylum Thermodesulfobacteria) and Dissulfuribacter thermophilus (class Deltaproteobacteria), that employed this process for growth were recovered from deepsea hydrothermal vents and initially were described as disproportionators of sulfur compounds [10, 11] . In this study, we report the isolation and characterization of a novel chemolithotrophic, thermophilic bacterium capable of respiratory ammonification of nitrate and sulfur disproportionation from a deep-sea hydrothermal habitat.
Strain ST65
T was isolated from a sample of an actively venting hydrothermal sulfidic chimney. The sample was collected in June 2009 from the Tui Malila hydrothermal field (176  34.06¢ W 21 59.35¢ S, 1870 m depth) on the Eastern Lau Spreading Centre, south-west Pacific Ocean, using the ROV Jason II. Once collected, the samples were placed in an insulated box on the submersible's basket. Onboard, the samples were immediately divided under sterile conditions. Small fragments were placed into glass tubes with in situ seawater under N 2 flow and the tubes were closed with a rubber stopper and aluminium cap. Tubes with samples were stored at 4
C. An enrichment culture was initiated by inoculation of 10 % (w/v) of the sample into anaerobically prepared, bicarbonate-buffered, sterile liquid medium. The medium contained (per litre distilled water): 0.33 g NH 4 ) and potassium nitrate (10 mM) were added to the medium as an electron donor and an electron acceptor, respectively. The medium did not contain any organic substances except a vitamin solution (10 ml l À1 [12] ). No reducing agents were added to the medium. The pH of the autoclaved medium was 6.7-6.8 (measured at 25 C). The medium was dispensed in 10 ml portions into 17 ml Hungate tubes; the head space was filled with 101 kPa of CO 2 (100 %). After incubation in the dark for 20 days at 65 C, growth of rod-shaped cells was observed. After three subsequent transfers and following serial 10-fold dilutions in the same medium, only one morphological type was observed in the highest growth-positive dilution (10 À8 ). A pure culture of strain ST65 T was obtained by means of multiple serial dilutions in the same medium and purity was confirmed by routine microscopic examination. Light and electron microscopy, physiological studies on substrate and electron acceptor utilization, temperature, pH and NaCl ranges for growth, analytical techniques for determination of metabolic products, determination of G+C content and analyses of cellular fatty acid composition were performed as described previously [8] . Cells for chemotaxonomic analyses were grown in the same medium used for isolation and harvested in the late exponential phase of growth. Tests of the ability to disproportionate sulfur compounds were conducted in the presence of ferrihydrite (90 mmol Fe(III) l
À1
) or in vessels with a large head space volume as described previously [10] . Genomic DNA of the isolate was extracted using the method of Marmur [13] and purified using Wizard MaxiPreps DNA Purification Rezin (Promega). 16S rRNA gene amplification and sequencing were done as described previously [14] . The 16S rRNA gene sequence of strain ST65
T was compared with other sequences in GenBank [15] by using the BLAST program [16] and by means of the EzTaxon server [17] (http://www.ezbiocloud.net) to identify its closest relatives. Alignment with a representative set of related 16S rRNA gene sequences from the GenBank database was carried out with the CLUSTAL W program implemented in the phylogenetic analysis package MEGA version 6 [18] . Evolutionary analysis and phylogenetic tree reconstruction employed the maximum-likelihood method based on the Tamura-Nei model [19] provided by MEGA version 6.
Cells of strain ST65
T were non-motile straight or slightly curved short rods, 0.5-0.6 µm in diameter and 0.8-1.5 µm in length (Fig. 1a) . Formation of endospores was not observed. The cells stained Gram-negative in both the exponential and the stationary growth phases. Ultrathin sections of cells of strain ST65
T revealed a Gram-negative cell wall type (Fig. 1b,  c) . The temperature range for growth was 47-75 C, with an optimum at 65 C. No growth was detected at 42 or 80 C after incubation for 2 weeks. The pH range for growth was 5.5-7.5, with an optimum at pH 6.5. No growth was detected at pH 5.0 and below or at pH 9.0 and above. Growth of strain ST65 T was observed at NaCl concentrations ranging from 1.5 to 4.5 % (w/v) with an optimum at 2.0-2.5 % (w/v) NaCl. No growth was evident at 1.0 or 5.0 % (w/v) NaCl.
The isolate grew chemolithoautotrophically under anaerobic conditions coupling oxidation of elemental sulfur (5 g l ) or thiosulfate (15 mM) to nitrate (10 mM) reduction. The end product of the oxidation of sulfur compounds was sulfate; nitrate was completely reduced to ammonia. Nitrite or dinitrogen gas did not accumulate ( T was also able to grow by disproportionation of elemental sulfur with inorganic carbon as the only carbon source in the presence of ferrihydrite as a sulfide scavenging agent. Ferrihydrite was converted to a black non-magnetic Fe(II)-containing precipitate, presumably FeS. When ferrihydrite was omitted from the cultivation medium growth of strain ST65
T was observed only in the vessels with large headspace volume (ratio of gas phase to liquid phase >10 : 1) and the growth was accompanied by accumulation of sulfate and sulfide. The isolate was also able to grow by disproportionation of thiosulfate (10 mM) and sulfite (2.5 mM). Similar to S 0 disproportionation, a The cellular fatty acid profile of strain ST65
T comprised saturated and unsaturated straight-chain fatty acids and cyclic fatty acids (Table S1 ). The major cellular fatty acids were C 18 : 1 !7 and C 16 : 0 (34.7 and 29.6 % of the total, respectively) followed by C 18 : 0 (12.1 %) and C 19 cyclo (11.2 %) with a lesser amount of C 17 cyclo (5.4 %). Other fatty acids were present in low or trace amounts (<5 %). The G+C content of the genomic DNA of strain ST65
T was 49.6 mol% (T m ).
A comparison of 1532 nt of the 16S rRNA gene sequence of strain ST65
T with those available in the GenBank database revealed that it is distantly related to species of the phylum Thermodesulfobacteria (87.6-89.5 %). Using the EzTaxon server showed that the strain had the highest similarity with Thermosulfurimonas dismutans S95 T and Thermodesulfatator atlanticus AT1325 T , with 89.5 % 16S rRNA gene sequence similarity. Among validly described species beyond the phylum Thermodesulfobacteria, the closest relatives were representatives of the class Deltaproteobacteria with 16S rRNA gene sequence similarity of no more than 86.2 %. According to BLASTn results, strain ST65 T shared the highest 16S rRNA gene sequence similarity (89.5 %) with species of the genus Thermodesulfatator followed by Dissulfurirhabdus thermomarina SH388 T , Dissulfuribacter thermophilus S69
T and Dissulfurimicrobium hydrothermale Sh68 T (88.1 , 87.4 and 85.7 %, respectively). Using maximum-likelihood, neighbour-joining, minimumevolution or maximum-parsimony methods, strain ST65 formed a distinct, deeply branching phylogenetic lineage within the class Thermodesulfobacteria with strong bootstrap support (Fig. 2 ).
The novel strain described herein is a thermophilic, lithoautotrophic anaerobe that inhabits deep-sea hydrothermal vents, where nitrate ammonification with elemental sulfur may represent an as yet unrecognized route of primary biomass production. Currently, thermophilic bacteria capable of disproportionation of sulfur compounds include six species recovered from various natural and anthropogenic ecosystems [10, 11, [20] [21] [22] [23] . Two of these species, Thermosulfurimonas dismutans and Dissulfuribacter thermophilus, were also able to perform respiratory ammonification with sulfur compounds and were both isolated from deep-sea hydrothermal vents [9] . Likewise, strain ST65
T shares similar metabolic features and was also isolated from deep-sea vents. Thus, sulfur-dependent DNRA might be of particular ecological significance in these environments. Phylogenetically, the novel strain is related to species of the phylum Thermodesulfobacteria and unclassified representatives of the class Deltaproteobacteria. Currently, the phylum Thermodesulfobacteria includes species of four genera with validly published names, Thermodesulfobacterium, Thermodesulfatator, Caldimicrobium and Thermosulfurimonas and also the not validly published 'Geothermobacterium ferrireducens'. Strain ST65
T differs from the representatives of the genera Thermodesulfobacterium and Thermodesulfatator in its inability to reduce sulfate. Unlike Caldimicrobium rimae and Thermodesulfatator indicus, strain ST65
T is unable to grow organotrophicaly and in contrast to 'Geothermobacterium ferrireducens' it is incapable of Fe(III) reduction. The ability to disproportionate sulfur compounds has been reported so far only for two representatives of the phylum, Thermosulfurimonas dismutans and Caldimicrobium thiodismutans [10, 21] . In addition to the significant phylogenetic distance, strain ST65
T also differs from its closest relatives in a number of other physiological characteristics such as salinity and temperature range for growth, genomic DNA G+C content and in some metabolic properties, including Fe(III) reduction and hydrogen and thiosulfate utilization (Table 1) . Based on physiological properties and phylogenetic analysis, we propose that strain ST65
T represents a novel species of a new genus, Thermosulfuriphilus ammonigenes gen. nov., sp. nov., within the phylum Thermodesulfobacteria. Shows the following properties in addition to those given in the genus description. Cells are non-motile, straight or slightly curved short rods, 0.5-0.6 µm in diameter and 0.8-1.5 µm in length. Gram-stain-negative. The temperature range for growth is 47-75 C, with an optimum at 65 C. The pH range for growth is 5.5-7.5, with an optimum at pH 6.5. Grows in 1.5-4.5 % (w/v) NaCl with an optimum at 2.0-2.5 % (w/v). Grows with elemental sulfur or thiosulfate as electron donor, nitrate as electron acceptor and inorganic carbon as a carbon source with sulfate and ammonium production. 
DESCRIPTION OF THERMOSULFURIPHILUS
Organotrophic growth À À +/À † À À À SO 4 2À reduction À À + À À À Fe(III) reduction À À ND À + À S 2 O 3 2À disproportionation + + ND À + + Growth on H 2 /S 2 O 3 2À À + À À + À NO 3 À reduction/DNRA + + À À + À DNA G+C
